nanoindentation | strain rate sensitivity | shear band | mechanical property | cooperative shearing model T he room-temperature plastic deformation of bulk metallic glasses (BMGs) is known to be inhomogeneous both spatially and temporally and achieved by highly localized shear bands (1-3). Inspired by the increasingly intense scientific and technological interests of BMGs and the efforts of improving their limited plasticity (4-7), there is a compelling need to identify the physical processes responsible for the dynamics and rheology of metallic glasses well below their glass transition temperatures. Historically, several rheological theories have been developed to describe the heterogeneous plasticity of glasses. These models are mainly based on two possible atomic-scale mechanisms, i.e., deformationinduced dilatation or free volume (8-10) and local events of cooperative shearing of atomic clusters termed shear transformation zones (STZs) (11-16). Recently, a cooperative shearing model (CSM) of STZs by Johnson and Samwer (17), together with work of Falk and Langer (13, 14) and others (18, 19) , has been shown to provide an effective interpretation of plasticity in metallic glasses well below their glass temperatures. In the Johnson-Samwer model, structure and energetics correlation in glasses has been established by introduction of the concept of potential energy landscapes in combination with STZs, and the mechanical behavior of BMGs is expected to intrinsically depend on the actual volumes of STZs (17, 20) . Assessment of the sizes of STZs, or the minimum molecular configurations of inelastic rearrangements in BMGs subjected to stresses, is thus of key importance in understanding the plastic deformation of these amorphous solids. More recently, energetic considerations (17, 21) and molecular dynamics (MD) simulations (13, 19) have quantitatively evaluated the number of atoms in a STZ of glassy materials. Despite the aforementioned intense efforts to identify STZ volumes of glasses, an experimental quantitative measurement of the STZ volumes is still missing.
T he room-temperature plastic deformation of bulk metallic glasses (BMGs) is known to be inhomogeneous both spatially and temporally and achieved by highly localized shear bands (1) (2) (3) . Inspired by the increasingly intense scientific and technological interests of BMGs and the efforts of improving their limited plasticity (4) (5) (6) (7) , there is a compelling need to identify the physical processes responsible for the dynamics and rheology of metallic glasses well below their glass transition temperatures. Historically, several rheological theories have been developed to describe the heterogeneous plasticity of glasses. These models are mainly based on two possible atomic-scale mechanisms, i.e., deformationinduced dilatation or free volume (8) (9) (10) and local events of cooperative shearing of atomic clusters termed shear transformation zones (STZs) (11) (12) (13) (14) (15) (16) . Recently, a cooperative shearing model (CSM) of STZs by Johnson and Samwer (17) , together with work of Falk and Langer (13, 14) and others (18, 19) , has been shown to provide an effective interpretation of plasticity in metallic glasses well below their glass temperatures. In the Johnson-Samwer model, structure and energetics correlation in glasses has been established by introduction of the concept of potential energy landscapes in combination with STZs, and the mechanical behavior of BMGs is expected to intrinsically depend on the actual volumes of STZs (17, 20) . Assessment of the sizes of STZs, or the minimum molecular configurations of inelastic rearrangements in BMGs subjected to stresses, is thus of key importance in understanding the plastic deformation of these amorphous solids. More recently, energetic considerations (17, 21) and molecular dynamics (MD) simulations (13, 19) have quantitatively evaluated the number of atoms in a STZ of glassy materials. Despite the aforementioned intense efforts to identify STZ volumes of glasses, an experimental quantitative measurement of the STZ volumes is still missing.
Here, we develop an experimental method to characterize the STZs of BMGs based on the Johnson-Sawmer CSM (17) . In the Johnson-Sawmer model, a constitutive description of plastic deformation can be given in an equation where inelastic strain rate is a function of dynamical state variables (i.e., the STZ volumes) in addition to stress and strain. A simplified form of this constitutive equation can be written aṡ
whereγ is inelastic strain rate,γ 0 is a constant, k is the Boltzmann constant, T is temperature,
ζ is the barrier energy at finite stress 0 < τ < τ C , G 0 , and τ C are the shear modulus and the threshold shear resistance of an alloy at 0 K, respectively, the average elastic limit γ C ≈ 0.027 (17) , is the volume of STZ, and constants R ≈ 1/4 and ζ ≈ 3 (17) . It should be noted that the normal stress dependence of the shear strength (22) is postulated to be insignificant in this analysis. Thus, by direct differentiation of the activation energy W * , we obtain the activation volume in the CSM:
From experiments using strain rate jumps, we have (23)
Since strain rate sensitivity m = (∂ ln τ/∂ lnγ ) P,T , we have
Hence, by equating the model V * in Eq. 2 and the operationally determined V * in Eq. 4, the STZ volume
In a hardness test such as nanoindentation, the hardness H ≈ 3σ y = 3 √ 3τ y . Rewriting Eq. 5, we obtain = kT/C mH, [6] where
, τ CT is the threshold shear resistance at temperature T, τ C /G 0 ≈ 0.036 (17) . The shear modulus, G, has a weak temperature dependence for a predetermined glass configuration. In practice, G at absolute zero temperature is assumed to be no more than 10% higher than that at RT (17) . The ratio τ CT /τ C at finite temperature T can be accordingly estimated based on the Eq. 8 and Fig. 2 in the original manuscript by Johnson and Samwer (17) . Therefore, when values of the strain rate sensitivity and strength/hardness are available at a temperature of interest, the STZ volume of plastic flow in the noncrystalline solids such as BMGs can be evaluated using Eq. 6, as will be discussed in detail in the next section. 
Results and Discussion
In this study, we developed a rate-jump nanoindentation method to characterize the strain rate sensitivity of hardness. In a jumpratio nanoindentation experiment, multistep load-unload cycles with various loading rates are implemented in the course of one nanoindentation experiment in an effort to minimize possible testto-test variations caused by separate hardness measurements at different loading rates (see Methods). Fig. 1A shows typical multistep force-depth (P-h) curves for one of the six BMGs investigated herein. The hardness is calculated as a function of indentation depth ( Fig. 1B) (24) . It can be clearly seen in Fig. 1B that the hardness increases upon loading at a higher loading rate. However, the increment in hardness with increasing loading rate is mild, displaying conformity with the observation in the literature that the rate dependence of flow stress is minor or even negligible in plastic flow kinetics in metallic glasses (9, 12) .
As shown in Eq. 6, one critical parameter in determining the STZ volumes of BMGs by means of nanoindentation is the strain rate sensitivity, m. In nanoindentation experiments, the hardness
where
is the plastic depth at applied force P; h t is the total indentation depth at P; C and Y are indenter shapedependent constants; and dP/dh is the contact stiffness at P. At a Loading rates ranging from 13.2 mN/s to 264.0 mN/s were adopted. Following Eq. 6, equivalent strain rates are determined for calculation of rate sensitivity. Extreme care has been exercised for accurate measurements of this important parameter in identification of STZ volumes of plastic flow of BMGs.
peak load P of a load-unload cycle where the determined hardness does not alter markedly with indentation depth or deformation time, assuming the equivalent strain rateε = 1 hp dhp dt (25) (26) (27) , we haveṖ
Therefore, the equivalent strain ratė
The corresponding strain rate sensitivity of hardness is hence extracted by lining up the hardness vs. equivalent strain rate in a log-log scale and measuring the slope of the line (Fig. 2) . The STZ sizes of the six specimen metallic glasses are consequently calculated by using Eq. 6, the results of which are listed in Table 1 . In addition to the rate-jump nanoindentation experiments as depicted above, a parallel experimental procedure, separate hardness measurements at a variety of loading rates, has also been independently applied to characterize the strain rate sensitivity of hardness of As shown in Table 1 , the rate sensitivities of hardness/strength of BMGs are generally <0.03, which indicates a nearly ideal plastic deformation in the inhomogeneous flow and is consistent with the insignificant rate dependence of strength of BMGs reported in the literature (9, 12, 28) . Although the strain rate sensitivity of the Pd 40 Ni 40 P 20 sample is as low as 0.0067, the capability of nanoindentation to accurately measure such low rate sensitivities has been validated in our previous work (24) and a finite element analysis (see SI Text and Fig. S3 ). In this study, large indentation forces are selected for the purpose of minimizing possible effects to the measured BMG hardness from factors such as indentation size (e.g., Nix-Gao relation in indentation size), indenter imperfections, surface roughness, and pop-in events at small loads and low loading rates (30) (31) (32) (33) (34) . Moreover, the average hardness is used in the calculations of the volumes of STZs in the model BMG systems, provided that the influence of the hardness variation with loading rates can be neglected in the STZ volume calculations because a typical standard deviation of ≈1% of the measured hardness has been observed in the experimental hardness values of all the sample alloys. For loading rates over two orders of magnitude, this error level in the measured hardness data would lead to a possible maximum deviation of ≈0.002 in the determined rate sensitivity. In turn, the resulting error in the rate sensitivity of hardness, thus that in the determined STZ volume, does not essentially impair the validity of the proposed methodology.
Once the hardness and strain rate sensitivity of a BMG are determined, the STZ volume is consequently assessed. As summarized in Table 1 , the STZ volumes of the selected BMGs vary from 2.5 to 6.6 nm 3 . According to the dense-packing hard-sphere model of metallic glasses, the STZs include ≈200-700 atoms with an average atomic radius statistically estimated as R = According to the traditional mechanistic model (12), the plastic deformation of metallic glasses is accomplished through the formation and cooperative shearing of STZs. Following the transition-state kinetic law, when a metallic glass is subjected to a shear stress that is larger than a critical value, a single STZ first nucleates in the vicinity of a free volume site without significant atomic rearrangements in its surrounding glassy matrix. Secondary STZs may subsequently emerge in the neighborhood of the first STZ by the assistance of a local strain field and free volume created by the first STZ. Tertiary STZs form later in a similar manner. As a consequence, a shear band nucleus or embryo, which comprises a collection of these local STZs, is created. Once the shear strain with a critical number of STZs reaches a maximum in the incipient zone, the shear band starts to propagate, giving rise to the macroscopic yielding of the metallic glass (12, 30) . In macroscopic mechanical testing of a metallic glass by conventional compression or tension, yielding occurs when global instability originates from the distribution of unstable STZs with various values of G and τ C and in conjunction with possible artifacts by casting defects. This prohibits the accurate measurements of strain rate sensitivities and, thereby, STZ volumes. In contrast, the deformation volume is largely confined in a nanoindentation experiment, which minimizes the abovementioned issues contributing to the departure of experimentally measured STZ sizes from the "true" value in a macroscopic experiment. Strikingly, the measured STZ volumes of 200-700 atoms in this study are in good agreement with those predicted by theoretical analysis (17) and MD simulations (19) and unambiguously demonstrate that the plastic yielding of metallic glasses occurs upon cooperative shearing of unstable clusters of atoms, namely, STZs, instead of individual atom motion under shear stresses. In fact, because the nanoindentation tests were performed at ambient temperature far below the glass transition points of the model BMGs, activations of individual STZs in an embryonic shear band are considered to be independent of each other under applied stresses. Interactions between these activation units of plastic flow in the BMGs are thus unlikely to alter the mechanism of plastic flow in the consecutive deformation of metallic glasses (12, 15, 19, 30) , implying the physical feasibility of the experimental evaluation of STZs using the experimental methodology proposed in this study.
Interestingly, the measured STZ volumes of the six glassy systems increase with Poisson's ratio and BMG ductility (Fig. 3) , suggesting an intrinsic correlation between ductility and the volume of STZ. Johnson and Samwer (17) pointed out that an average shear strain limit of ≈0.027, or the elastic strain required for the formation of a shear band nucleus in BMGs that consists of a local collection of STZs, is shared by a population of BMGs for plastic yielding. In light of this, a large STZ volume, when compared with a small one, enables a lesser number of STZs to be activated for the nucleation of a shear band. Moreover, the large-size flow units in plastic deformation can produce large internal concentrations of the applied stress where thermally activated production of new flow becomes easy (35) . Thus, STZs with a large size reinforce the shear capability of the metallic glass and promote the formation of multiple shear bands, which is consistent with the fact that a higher Poisson's ratio represents a higher possibility for the material to shear under applied stress (4). Moreover, STZs appear to be related to the closely packed atomic clusters. The STZ volumes of 2.5-6.6 nm 3 , or equivalent sizes of 1.3-1.9 nm, exhibits a fair agreement with the predicted sizes of solute-centered clusters Because an elastic strain of ≈3% is required for the formation of an embryonic shear band, hence plastic yielding of metallic glasses, a large STZ volume, when compared with a small one, enables a smaller number of STZs to be activated for the nucleation of a shear band. Other than facilitating the in situ nanocrystallization within "bona fide" shear bands, STZs with a large size reinforce the shear capability of the metallic glass and promote the formation of multiple shear bands, which concurs with the fact that a higher Poisson's ratio represents a higher possibility for the material to shear under applied stresses. of 1-1.5 nm (36, 37) . This dimensional coincidence of two closely packed atomic clusters, albeit the significance of which should not be overestimated, implies a potential intrinsic correlation between STZs and the medium-range orders (38) . In addition, STZs with larger sizes may be easy to grow up during plastic flow and serve as the embryos for deformation-induced nanocrystallization within shear bands. This is known to effectively prevent the shear softening by a "self-locking" effect, leading to large plasticity (6).
Conclusions
We have proposed an experimental scheme to characterize the STZs of plastic flow in BMGs. The accordance between measured STZ volumes and those predicted by theoretical analysis (17) and MD simulations (19) unambiguously demonstrates that the plastic deformation of metallic glasses occurs upon cooperative shearing of unstable clusters of atoms instead of individual atom motion. Based on the comparison of the STZ sizes with the ductility of six BMGs, a phenomenological model is established that may improve the understanding of the atomic-scale mechanisms of BMG plasticity. Finally, it is noteworthy to point out that the method proposed in this letter may potentially be useful as an experimental approach for characterizing the physical processes in the dynamics and rheology of a plentiful variety of noncrystalline solids. The amorphicity of all model BMGs was verified by X-ray diffraction and transmission electron microscopy. Before indentation tests, the sample surfaces were polished to a mirror finish. A nanoindentation instrument (Nanoindenter G200; MTS) equipped with a Berkovich indenter was employed to carry out the indentation tests. As to the maximum load in the first load-unload step in a rate-jump multistep nanoindentation experiment (24) , a large force (e.g., 250 mN) is selected to minimize the influence of pop-in events (see Figs. S1-S3) and other factors (e.g., indenter tip imperfections, surface flaws) on the measured hardness and the resulting rate sensitivity. Upon the finish of unloading in the first step, the indenter is arrested for 10 s before subsequent loading to a higher load level at a different loading rate. Succeeding load-unload steps were applied in a similar manner. All the tests were conducted in a load-control mode at room temperature at loading rates ranging from 0.33 mN/s to 264.0 mN/s.
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